Purpose: Differences in vocal tract morphology have the potential to explain interspeaker variability in speech production. The potential acoustic impact of hard palate shape was examined in simulation, in addition to the interplay among morphology, articulation, and acoustics in real vowel production data. Method: High-front vowel production from 5 speakers of American English was examined using midsagittal real-time magnetic resonance imaging data with synchronized audio. Relationships among hard palate morphology, tongue shaping, and formant frequencies were analyzed. Simulations were performed to determine the acoustical properties of vocal tracts whose area functions are altered according to prominent hard palate variations. Results: Simulations revealed that altering the height and position of the palatal dome alters formant frequencies.
S
peech production research has long been concerned with explaining variability in the acoustic and articulatory domains, both within and across speakers. An essential consideration for explaining this variability is vocal tract morphology. The morphology of vocal tract structures is fundamentally linked to speech articulation and acoustics through a complex interplay. The overall shape of the vocal tract-so crucial for determining its acoustical properties (e.g., resonant characteristics)-is determined not only by actively controlled shaping mechanisms but also by the inherent shape of vocal tract components. Elements of vocal tract morphology that vary across speakers should then result in some combination of articulatory and acoustic differences across those same speakers, even when producing identical segments. Achieving the same acoustic output implies articulatory differences in compensation for morphological variation, unless those specific articulatory differences happen to not result in acoustic differences. Conversely, if speakers do not differ in their articulations, then their morphological differences will be manifested in the acoustics. Several key questions arise from this interplay. First, do certain active articulatory strategies reflect morphological characteristics? Also, which morphological differences have the potential to affect the acoustics? Finally, which aspects of morphology are evident in the acoustic signal?
Perhaps the most extensively studied aspect of the structure-function interplay concerns the role of vocal tract length in vowel production variability. Vocal tract length varies considerably through ontogenesis, whereby its average length doubles from around 8 cm to 16 cm (Fitch & Giedd, 1999; Vorperian et al., 2005 Vorperian et al., , 2009 . Adult vocal tracts also vary substantially across individuals, ranging from approximately 13 cm to as many as 20 cm. Lengthening the vocal tract has the potential to lower all formant frequencies (Fant, 1960; Stevens, 1998) , and this effect has been observed in real vowel acoustics (Lee, Potamianos, & Narayanan, 1999; Peterson & Barney, 1952) . Differences in articulation cannot easily compensate for this acoustic effect, should speakers try, except to a limited extent through lip protrusion and laryngeal raising. In addition, articulatory strategies may be influenced by the proportional length of the oral to pharyngeal cavities. The pharynx becomes proportionally longer through the course of development (Arens et al., 2002; Chiba & Kajiyama, 1941; King, 1952) , and adult speakers display a sexual dimorphism, such that the pharynx of males is proportionally longer (Vorperian et al., 2011; Vorperian & Kent, 2007) . Differences in proportions can influence articulatory strategies by forcing speakers into specific production patterns (Fuchs, Winkler, & Perrier, 2008; Ménard, Schwartz, Boë, & Aubin, 2007; Nissen & Fox, 2009; Winkler, Fuchs, & Perrier, 2006; Winkler, Fuchs, Perrier, & Tiede, 2011) and are also evident in the acoustics as vowel-specific scaling of acoustics with vocal tract length (Fant, 1966 (Fant, , 1975 Nordström, 1975) .
Studies have investigated the role of hard palate morphology in speech production as well, which is also the focus of the present work. As shown in Figure 1 , hard palate shape varies in three prominent ways: (a) the height of the palatal dome, (b) the position of the dome's apex in the oral cavity, and (c) the angularity of the dome around the apex (Lammert, Proctor, & Narayanan, 2013) . Several studies have shown that the first of these variations-whether the palate is highly domed or relatively flat-has a substantial impact on articulatory strategies. Speakers with flat palates have been shown to exhibit less articulatory variability during vowel production than speakers with domed palates (Brunner, Fuchs, & Perrier, 2005 Mooshammer, Perrier, Geng, & Pape, 2004; Perkell, 1997) . Apical versus laminal articulation of sibilant fricatives also depends on palate shape (Dart, 1991) . Furthermore, artificially flattening palate shape forces corresponding changes in jaw height and the positioning of the tongue during coronal fricative production (Honda, Fujino, & Kaburagi, 2002; Thibeault, Ménard, Baum, Richard, & McFarland, 2011) , which quickly minimizes acoustic differences (Baum & McFarland, 1997) . Brunner, Hoole, and Perrier (2007) showed that vowel articulation also adapts over time to artificial changes in hard palate shape, suggesting that palatal morphology accounts for some vowel articulation variability across speakers. However, the specific aspects of vowel articulation and acoustics that are affected by morphology have not been rigorously investigated. It is clear that differences in palatal morphology have the potential to affect the resonant properties of the vocal tract and thereby alter the acoustic output (Lammert, Proctor, Katsamanis, & Narayanan, 2011) , but whether articulation varies in compensation for palatal differences has not been well studied.
The present study focused on the interplay between hard palate morphology and vowel production behavior. Specifically, interspeaker variations in hard palate morphology were considered in regard to explaining variability in vowel articulation and acoustics. The investigation involved two parts that provide complementary insights: (a) analysis of real speech data to assess the extent of systematic relationships between morphological variation and vowel production variation and (b) acoustic vocal tract simulations to assess the potential of different morphological variations to affect the acoustics. The first part is essential for analyzing the interplay in question, but it does not provide a complete picture. With real speech data, it is not possible to factor out the effect of articulation, which creates ambiguity in the interpretation of some results. For instance, articulatory variability might be viewed as an attempt by speakers to minimize acoustic variability in the face of morphological differences. However, without knowing what acoustic variability results from those morphological differences irrespective of the accompanying articulatory variability, it is not possible to draw that conclusion with certainty. It may simply be that the particular morphological differences between those speakers have no Figure 1 . The three largest modes of variation in hard palate shape, previously determined. Modes reflect differences in concavity, anteriority of the apex, and sharpness of the palate around the apex. The overall mean hard palate shape is shown in black, and the blue and red lines show the nature of deviations from the mean according to each mode. The magnitude of the deviations shown reflects the magnitude of variations seen in the subject pool, at precisely ±1.5 SDs from the mean shape. Because these modes account for over 85% of the overall variance, it is possible to well represent arbitrary hard palate shapes using only these three modes. Panel A: 51% of variance. Panel B: 25% of variance. Panel C: 10% of variance. From "Morphological Variation in the Adult Hard Palate and Posterior Pharyngeal Wall," by A. Lammert, M. Proctor, and N. Narayanan, 2013, Journal of Speech, Language, and Hearing Research, 56, p. 524 .
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The present article reflects an expansion of initial work to quantify morphological variations in the hard palate across speakers using real-time magnetic resonance imaging (rtMRI) data . Subsequent work has examined the nature of morphological variation in this crucial structure (Lammert et al., 2013) and the theoretical consequences of those variations on vowel acoustics (Lammert, Proctor, Katsamanis, & Narayanan, 2011) . The current work comprises an investigation of the palate's impact on speech production using rtMRI paired with complementary acoustic simulations. By combining parametric analysis of palatal morphology with acoustic simulations of different vocal tract shapes, the effect of palatal variation on vocal tract resonances is studied. Palate shapes, lingual articulation, and formant frequencies of several American English speakers are also assessed in order to examine their interplay. Finally, the relevance of this work to current understanding of morphological variation, interspeaker variability, and goals of speech production is discussed.
Method

Speech Data
Articulatory and acoustic data were taken from five male speakers in the recently collected MRI-TIMIT corpus , a collection of rtMRI data (Narayanan, Nayak, Lee, Sethy, & Byrd, 2004) of continuous read speech from 10 native speakers of American English. Images were reconstructed using a sliding-window procedure with a step size of one repetition time (TR) (6.164 ms), resulting in an effective frame rate of 162.23 frames per second, with a spatial resolution of 68 × 68 pixels over 20 × 20 cm (approximately 2.9 cm pixel width). These images show full midsagittal views of the subjects' upper airways, including articulatory dynamics and morphological characteristics in the midsagittal plane. Speech acoustics were simultaneously recorded using an optical microphone and subsequently processed according to the method described by Bresch, Nielsen, Nayak, and Narayanan (2006) to remove scannergenerated audio noise.
For each of the five subjects, five tokens were selected of the high-front vowel /i/ as spoken during the word people.
1
Tokens produced in interlabial contexts were chosen in order to minimize lingual co-articulatory effects on the vowel of interest. Use of high-front vowels was motivated by previous modeling work, which suggested that high-front vowels emphasize any potential effect of palate morphology on formant frequencies differences (Lammert, Proctor, Katsamanis, & Narayanan, 2011) , presumably because of the relative narrowing of the vocal tract in the palatal region. Each vowel token was considered to extend from the first and last peak of periodicity in the acoustic signal. Three points in each vowel were marked for further analysis, corresponding to 25%, 50%, and 75% of the total vowel interval.
Formant frequencies were estimated from the linear predictive coding spectrum, calculated over a 25-ms window centered at each specified time point. Positions of the three lowest peaks in the spectrum were identified as Formants 1 through 3. The mean formant values across all measurement points in a given vowel were used to represent the acoustics for that token. Linear prediction order was initialized to 14 and-in situations where this order failed to return formants in the broad frequency ranges expected for a high-front vowel (200-500 for Formant 1 [F1], 1800-2500 for Formant 2 [F2], and 2300-4000 for Formant 3 [F3], with no bandwidth criteria)-the order of analysis was refined using linear predictive coding models varying in order between 12 and 18 until a set of three formants could be robustly identified. The order number closest to 14 that returned formant values in the specified ranges was taken to be the optimal one.
For each token, a composite semipolar analysis grid was superimposed onto the midsagittal plane, extending from the glottis to the lips with gridlines spaced at approximately 5-mm intervals (Maeda, 1979; Öhman, 1967 ). An example grid for one subject can be seen in Figure 2 and Narayanan (2010) described this placement method, along with a technique for automatically tracing the vocal tract outlines in rtMRI data, by identifying air-tissue boundaries intersecting with the gridlines. This tracing method was used to produce midsagittal vocal tract outlines, which were subsequently inspected for accuracy and manually corrected when necessary.
Through use of the midsagittal vocal tract outlines, palate traces, tongue traces, and midsagittal distance functions were extracted. Palate traces were defined as the segment of the upper vocal tract outlines extending from the gridline passing closest to the upper dentition to the gridline passing closest to the hard-soft palate junction (i.e., the posterior nasal spine). This definition was used to be consistent with the traces identified by Lammert et al. (2013) . These same gridlines bounding the palate were also used to delimit the relevant tongue traces for articulatory analysis. Tongue traces were extracted from three-frame intervals centered at the time points marked for acoustic analysis. This provided a total of nine tongue traces for each vowel token, the means of which were used to represent the tongue trace for that token. The overall mean tongue trace, across all five tokens, was used to represent the tongue trace for each subject. Midsagittal distance functions were extracted from the same three-frame intervals as the distance functions, and the means were taken in the same manner to provide a distance function for each subject. These midsagittal distance functions were calculated by finding the distance between the upper and lower outlines along each gridline. The resulting distance functions can be seen in Figure 3 .
Vocal tract length and hard palate length were also measured for each token using the midsagittal vocal tract outlines. Gridlines that intersected with the glottis and the most anterior protrusion of the lips were identified and were used to delimit the extent of the vocal tract. The vocal tract midline was then defined as the series of line segments whose endpoints lie along neighboring gridlines, halfway between the outer and inner vocal tract outlines. Vocal tract length was calculated as the distance along the vocal tract midline between these delimiting gridlines. Hard palate length was taken to be the distance, along the vocal tract midline, between the gridlines delimiting the hard palate. The mean vocal tract length and palate length measurements for each subject in this study are shown in Table 1 . These measurements facilitate normalization of formant frequencies for acoustic analysis, as well as subject-specific acoustic simulations, discussed in the Simulations subsection in the Method section.
Measurements of vocal tract length were used to normalize formant frequencies, which otherwise may vary with vocal tract length in addition to lingual articulation. Meaningful comparison of articulation-relevant formant variation is possible only after factoring out the effect of vocal tract length variation. Having vocal tract length measurements for each token affords very detailed normalization of formant frequencies, accounting for changes in vocal tract length due to, for instance, differences in lip rounding or vocal tract posture. Given measurements of vocal tract length, L obs , and observed formant frequencies, F obs , the normalized formant frequencies were obtained as follows: F norm = (L obs F obs )/17.5. This procedure scales all formant frequencies to those produced by a 17.5-cm vocal tract.
Descriptions of hard palate and tongue shape were based on the parameterization of hard palate morphology described by Lammert et al. (2013) . A key result of that work was that most of the variation (approximately 85%) observed across subjects could be represented by a small number of modes in shape variation. The three largest modes are shown in Figure 1 . The first mode, accounting for 51% of the variance in the data, represents the degree of concavity of the palate (i.e., whether it is flat or domed). The second mode, which accounts for another 25% of the variance, is related to the anteriority of the palate: whether the apex of the dome is positioned toward the anterior or posterior portion of the oral cavity. An additional 10% of the variance can be attributed to the sharpness/flatness of the palate at its apex. These modes are referred to as concavity, anteriority, and sharpness, respectively, for the remainder of this article.
The first step in this shape parameterization is to align the palate and overall mean tongue shapes of the subjects by their endpoints through rotation, translation, and uniform scaling (as shown in Figure 4 ). This allows each trace to be Figure 3 . Midsagittal distance functions, taken from the five subjects producing high-front vowels. These five distance functions were also used, in addition to one of uniform diameter, as template vectors in the acoustic simulation experiments, where their palate regions were de-formed according to the three major modes of palate shape variation. aa2, al1, and so forth, are subject identification numbers. Note. Distances were calculated along the midsagittal vocal tract midline in all cases. Limits of the palate are given relative to the position of the glottis and refer to the position of the posterior nasal spine (posterior) and the upper dentition (anterior), respectively.
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regarded as a single vector of distance measurements, along the line defined by its delimiting points (i.e., the perpendicular distance). The resulting vectors for each speaker i are referred to as P i and T i , respectively. A given speaker's palate trace, P i , can then be approximated as follows:
where P m is the overall mean palate shape of all individuals. The vectors C, A, and S represent the modes of palate shape variation in terms of palatal concavity, anteriority, and sharpness, respectively; that is, they represent unit deviations in palate shape according to those three modes. The coefficients, c i , a i , and s i reflect the contribution of each mode of shape variation to the specific palate under consideration. These modes are shown in Figure 1 , where the coefficients are manipulated independently. It is crucial to note that the coefficients themselves can be used as a low-dimensional parameterization (i.e., three parameters for each individual) of a palate's shape. For a novel and arbitrary palate trace, shape parameterization can be done by projecting individual palate shapes into the vector space defined by the modes of variation. For instance, the coefficient representing concavity, c i , can be calculated for palate i in the following way:
This same form of projection can be done to obtain a i or s i by substituting either A or S, respectively, for C in Equation 2. Moreover, this parameterization can be obtained for a speaker's tongue trace in a similar way, as well, by substituting T i for P i . The result of this quantification is three coefficients for each subject that represent the concavity, anteriority, and sharpness of the palate and can be used to represent or reconstruct the palate, as shown in Equation 1. To ensure that this parameterization did, in fact, accurately represent palate and tongue traces, the proportion of variance explained by application of the parameterization among the subjects was calculated. It was found that 85.75% of palate shape variance was explained by these three modes of variation, which is highly consistent with the findings presented by Lammert et al. (2013) . Moreover, it was found that 95.13% of tongue shape variance was explained by the same representation, with 77.83% represented by concavity, 13.45% by anteriority, and 3.86% by sharpness. Note that this high degree of explanatory power for tongue shape is not necessarily expected because these modes were developed to represent palate shapes. The primary objective of parameterizing tongue contours using this method is simply to facilitate a meaningful comparison between palate shape and tongue shape, but this level of explanatory power indicates that the comparison will be relatively complete as well.
To observe the articulatory and acoustic effects of palate shape, it is necessary that the speakers under consideration exhibit substantial variation along the major modes of palatal variation. The palate shape parameter values were used to quantify the amount of variation in the present sample, and the range of variation in the present sample was compared to the range of values in the much larger and more diverse sample analyzed in Lammert et al.'s (2013) study. It was observed that concavity values in the current sample ranged across 18% of the larger sample's range (0.83 SD), whereas anteriority ranged across 46% of the range exhibited by that larger sample (2.16 SDs), and sharpness ranged across 13% (0.52 SD). These data indicate that palate morphology variation in the present sample is sufficiently large to allow examination of its influence on vowel production within the present speaker population.
Simulations
Vocal tract simulations were based on modeling the vocal tract as a series of lossless, cylindrical, concatenated tubes, a method that has been extensively studied with respect to vocal tract modeling and synthesis (Fant, 1960; Kelly & Lochbaum, 1962; Rabiner & Schafer, 1978; Stevens, 1998) . Building such an acoustic model can begin by defining a vector, D, representing the midsagittal distance at equally spaced intervals along the length of vocal tract. In this case, the equally spaced intervals-or, equivalently, the lengths of the tubes-were fixed to 2.5 mm in length. Longer vocal tracts were represented by adding more tubes to the model.
For the purposes of acoustic simulation experiments, the tubes can subsequently be de-formed according to the modes of palate shape variation used here for analysis. In particular, the midsagittal distance vector can be represented in the following way: B) of the five subjects, from the upper dentition to the hard-soft palate junction. Hard palates vary substantially in terms of the height of the palatal apex (concavity) and the anterior-posterior position of the apex as well as sharpness of the palate around the apex. Tongue shapes also vary, primarily in terms of concavity and anteriority.
where M is a template vector of midsagittal distances that is fixed for a particular deformation experiment and F i is a de-formation vector that can be made to represent arbitrary changes to the template shape. Assuming that the mean palate shape, P m , is already reflected in the template vector, palate shape can be represented as P i -P m , and the de-formation vector can subsequently be represented as F i = [0, P i -P m , 0], with zero vectors used to pad the de-formation vector on either side of the palate. In the present experiments, each shape coefficient from Equation 1 was varied independently, while setting the other two equal to zero. This allowed the acoustic impact of each mode of shape variation to be examined individually. A total of six template vectors were used in the simulation experiments. The first of these vectors simply assumes a uniform vocal tract diameter of 1 cm-that is, M = 1. This uniform template vector further assumes a 17-cm vocal tract, making 68 total tubes from the glottis to the lips, with the hard palate extending 6 cm in length from 1 cm behind the open end of the tube (i.e., the lips). The other five template vectors were based on the midsagittal distance functions of subjects producing high-front vowels, already discussed in the Speech Data subsection in the Results section and shown in Figure 3 . These latter five template vectors further utilize the vocal tract lengths and palate positions described in Table 1 .
To calculate the resonance frequencies of this multitube model, it is necessary to convert the midsagittal distances into cross-sectional areas. This conversion was done according to the following formula:
The assumptions behind this conversion are coarse compared to methods used in recent efforts to accurately model vowel acoustics (see, e.g., Jackson & McGowan, 2012) . However, there are at least two reasons to believe that such assumptions are more appropriate for this study. First, because morphology is the focus here, conversion techniques based on information from other speakers with different morphology may confound the simulations with shape information that is not appropriate to the subjects considered in this study. Second, assumptions behind any conversion technique must be simultaneously coherent for both the hard palate and the tongue. Even if certain conversion techniques are more accurate for the overall area function, assuming a similar conversion for the hard palate by itself may not be appropriate because parametric descriptions of the hard palate's threedimensional morphology are not well known. Therefore, this study remains neutral about three-dimensional hard palate morphology by assuming a uniform projection from midsagittal profile to a normalized acoustic tube model of each speaker's vocal tract. From the area vectors, the formants can easily be computed by first calculating the reflection coefficients between each adjacent tubes:
, where a j is the value of element j in A. Reflection coefficients are then used to compute the coefficients of the prediction filter polynomial. This is done using Levinson's recursion, as described by Kay (1988) and implemented in the MATLAB Signal Processing Toolbox (Version 7.8.0). Finally, the formants can be found by taking the roots of the prediction filter polynomial.
Results
Simulation
The results from acoustic simulations using a uniform template vector are shown in Figure 5 . Shown in the figure are the effects on the first three formant frequencies of varying each mode of palatal variation. Palatal variations along the three principal modes are plotted in terms of standard deviations (SDs) from the mean shape, where the SDs are Figure 5 . The acoustic impact of varying palate shape in a tube of uniform width and area. Palates were varied according to the three major modes of variation: concavity, anteriority, and sharpness. Change in frequencies of the first three formants are plotted as a function of variation along these three modes. Palate shape changes are represented in terms of the SDs.
Lammert et al: Variability in Morphology and Vowel Production S1929 defined over the distributions described in Lammert et al. (2013) -specifically, the following SDs: SD = 0.219 for concavity, SD = 0.154 for anteriority, and SD = 0.095 for sharpness. Formant frequencies are plotted in terms of percentage frequency change in Hz from the frequency at the mean shape. Figure 6 shows the results from acoustic simulation using a template vector representing the high-front vowel posture from the five subjects in this study. Shown in the figure is the mean effect-across all five subjects-of varying each mode of palatal variation on the first three formant frequencies. Palatal variations along the three principal modes are plotted in terms of SDs from the mean shape, again using the values described by Lammert et al. (2013) . Note that it was not possible to de-form the tube through as large a range when beginning with this template vector because de-formations near the already-narrow constriction in the palatal region quickly lead to negative midsagittal distances. Thus, only ±1 SD of de-formation are shown. Formant frequencies are plotted in terms of percentage frequency change in Hz from the frequency at the mean shape, corresponding to the observed high-front vowel shape.
Speech Data
Pearson's correlation coefficients between each mode of palate variation and each of the first three normalized formant frequencies are shown in Table 2 . The statistical significance of these values was tested with a two-tailed hypothesis test (n = 5) based on Student's t distribution at a significance level of p = .05. None of the correlations are significant, and the correlation values are all rather small. The largest observed correlation value is between palatal anteriority and F3, which displays a correlation of -.80 ( p = .10).
Pearson's correlation coefficients between each mode of palate variation and each mode of tongue shape variation are shown in Table 3 . The statistical significance of these values was tested with a two-tailed hypothesis test (n = 5) based on Student's t distribution at a significance level of p = .05. The results indicated that three correlation coefficients that are largest in magnitude were statistically significant. First, there is a positive correlation between concavity of the palate and concavity of the tongue, and there is also a positive correlation between anteriority of the palate and anteriority of the tongue. In addition, a negative correlation exists between concavity of the tongue and sharpness of the tongue. All other correlations were nonsignificant.
Discussion
Without any articulatory compensation, variations in palatal concavity and anteriority have the potential to substantially alter the resonant properties of the vocal tract. Simulations indicate that F1 increases with palatal concavity and that F2 and F3 decrease with concavity. By comparing Figure 5 and Figure 6 , one can see that the magnitude of this effect is somewhat amplified in a high-front vowel posture when compared to a more uniform vocal tract shape. Any Figure 6 . The acoustic impact of varying palate shape in tubes of nonuniform width, averaged across subjects, corresponding to the articulation of a high-front vowel from the five speakers in this study. Palates were varied according to the three major modes of variation: concavity, anteriority, and sharpness. Change in frequencies of the first three formants are plotted as a function of variation along these three modes. Palate shape changes are represented in terms of the SDs. Note. Palate shapes were parameterized according to the major modes of shape variation. High values reflect systematic relationships between hard palate shape variation and formant frequency variation across subjects. No correlations were statistically significant, as determined using a two-tailed hypothesis test at the p = .05 level (n = 5).
variation in anteriority from the mean palate shape causes F1 to decrease. Anteriority also has a substantial impact on F2 that is posture dependent: F2 is an increasing function of anteriority for high-front vowel postures and a decreasing function for a neutral posture. Furthermore, F3 increases with anteriority, which is nearly the mirror image of concavity's effect. Note that the effect of sharpness is generally marginal. An effect of sharpness can be observed on F1 only in high-front vowel posture and only at extremely sharp palate shapes. Despite the predicted acoustic impact, differences in palatal morphology are not reflected in the human vowel acoustics in any statistically significant way. This apparent discrepancy would appear to be a direct result of the articulatory compensation observed during vowel production. Subjects appear to adapt their lingual contours to emulate the specific concavity and anteriority of their palates, resulting in midsagittal distance functions for all subjects that are relatively uniform throughout the palate region (see Figure 7 ). This similarity of vocal tract shapes across subjects leads to similar formant frequencies as well. Note that, even with these findings, it is still not possible to say whether the production goal is to achieve a particular constriction shape or specific resonant characteristics because the two are likely isomorphic in this situation and subjects appear to be doing both in the situation considered.
Deeper insight into the question of goals comes from considering the case of palatal sharpness more closely. Subjects do not emulate palatal sharpness in their tongue shapes; neither are variations in palatal sharpness evident in acoustic variations. These findings are consistent with the assessment that palatal sharpness has marginal potential to affect the acoustics. Furthermore, they indicate that subjects will not account for certain morphological variations in their articulation if those variations do not alter the acoustics, which implies an acoustic production goal. This interpretation is reinforced by the significant negative correlation between palatal concavity and tongue sharpness, which implies that when subjects are faced with the choice between making a concave tongue shape and a sharp tongue shape, they choose the former, which has a more substantial impact on the acoustics.
Conclusions and Future Work
Examining the interplay among variations in articulation, acoustics, and morphology holds promise for explaining interspeaker variability. More comprehensive examination of these complex interrelationships will require detailed knowledge of four things: (a) the variety and extent of morphological variations, (b) the theoretical acoustic impact of these variations, (c) the observed variation in articulation, and (d) the observed variation in acoustics. This work represents a first attempt to leverage recent findings regarding the first point to gain insights into the latter three points with respect to vowel production. The results indicate that, although palatal morphology has the potential to substantially affect vowel acoustics, this effect of palatal morphology may not be observed because speakers appear to adjust their articulations to match the key components of their palatal morphology and minimize potential acoustic variation.
The analysis presented here will be extended further in an ongoing study as more subjects with more diverse vocal tract morphologies are included in the subject pool. Future work will investigate the interplay of other morphological characteristics with speech production behavior, including the posterior pharyngeal wall, which has been parameterized using a similar method to that presented here. Detailing morphological characteristics off the midsagittal plane is also of major importance for the analysis of speech behavior and for acoustic vocal tract simulations. Three-dimensional aspects of morphology are assumed to be particularly important both for analyzing real speech data and for accurately modeling vocal tract acoustics, but they also pose substantial practical challenges, given the current limitations of rtMRI acquisition. In addition, investigations are ongoing regarding the impact of structural variation on other classes of speech sounds as part of a broader research program into the influence of morphological variation on all aspects of speech production. The ultimate goal of this work is to predict individual speakers' production patterns, both articulatory and acoustic, from their morphological characteristics. Another important avenue of inquiry is inverting the acoustic effect of vocal tract morphology-that is, assessing the extent to which information about a speaker's vocal tract morphology can be recovered from the speech signal. The results of the current study cast doubt on the feasibility of accurately predicting hard palate morphology from vowel acoustics, but they do not entirely eliminate the possibility that accurate statistical methods for prediction may be developed. For instance, the correlation value between palatal anteriority and F3 (r = -.80), though nonsignificant, still indicates that 64% of the variance in F3 is explained by palatal anteriority in the current data set (i.e., r 2 = .64). Several other correlation values are large enough in magnitude to indicate that they may be useful as well. Many morphological characteristics (e.g., vocal tract length) are inherently more difficult to compensate for with articulatory changes as well, which may facilitate their accurate prediction from the acoustic signal.
